Summary. The importance of magnetic reconnection as an energy release mechanism in many solar, stellar, magnetospheric and astrophysical phenomena has long been recognised. Reconnection is the only mechanism by which magnetic fields can globally restructure, enabling them to access a lower energy state. Over the past decade, there have been some major advances in our understanding of threedimensional reconnection. In particular, the key characteristics of 3D magnetohydrodynamic (MHD) reconnection have been determined. For instance, 3D reconnection (i) occurs with or without nulls, (ii) occurs continuously and continually throughout a diffusion region and (iii) is driven by counter rotating flows.
Introduction
Magnetic reconnection is a fundamental plasma physics process that is essential to many phenomena on the Sun, such as solar flares, CMEs, coronal heating, nano/microflares, X-ray bright points, explosive events and the solar dynamo. It is also an extremely important mechanism in the magnetosphere where it plays a key role in linking the magnetic fields from the Sun and Earth and in powering flux transfer events and substorms. It is also very important in many astrophysics applications such as accretion discs, stellar flares and coronae, astrophysical jets and stellar dynamos. Magnetic reconnection is important for two key reasons: First, it is a mechanism by which energy stored in a magnetic field may be rapidly released and converted into thermal and kinetic energy, causing heating, bulk plasma motions and the acceleration of particles. Secondly, it is the mechanism by which global restructuring of the magnetic field may take place. Indeed, it is this restructuring that facilitates the release of energy by allowing the magnetic field to access a lower energy state.
The entire surface of the Sun is threaded by magnetic fields that are directed both into and out of the Sun. The magnetic field is clumped into numerous photospheric flux features that range from large sunspots with fluxes of about 10 20 Mx (Schrijver & Harvey 1994) down to tiny intranetwork fields with just 10
16 Mx or less (Wang et al. 1995) . These photospheric features, both small and large, are the feet of magnetic loops that are intermingled and expand to fill the whole of the solar atmosphere (Fig. 1) . Supergranular and granular flows, overshoots of convection cells from below the Sun's surface, drive these photospheric flux features towards downflow regions at the convergence of three or more cells. These photospheric motions result in the following behaviours being displayed by the flux features (Schrijver et al. 1997 ): (i) emergence, in which pairs of features, with equal, but opposite-polarity flux, appear; (ii) cancellation, the disappearance (generally through submergence) of equal amounts of flux from a pair of opposite-polarity features; (iii) coalescence, the merging of two like-polarity features creating a larger feature and (iv) fragmentation, the splitting of a large feature into two or more smaller features. Clearly, all these changes in photospheric flux cause changes to the intermingled magnetic loops in the atmosphere above leading to the redistribution of flux between features -that is these flows and flux changes drive magnetic reconnection (Close et al. 2004 (Close et al. , 2005 .
To estimate the time it takes to completely redistribute all the flux between the features during solar minimum, Close et al. (2004 Close et al. ( , 2005 ) considered a twelve-hour series of high-resolution MDI magnetograms in which all phoThree-Dimensional Magnetic Reconnection 3 tospheric magnetic features were identified and then tracked in time. Their birth mechanism (emergence or fragmentation) was noted, as was their death mechanism (cancellation or coalescence). Potential field extrapolations were then used to determine the connectivity of the photospheric flux features. By assuming that the evolution of the field went through a series of equipotential states, the observed connectivity changes were coupled with the birth and death information of the features to determine the coronal flux recycling/reconnection time. Remarkably, it was found that during solar minimum the total flux in the solar corona completely changes all its connections in just 1.4 hrs (Close et al. 2004 (Close et al. , 2005 . A factor of ten times faster than the time it takes for all the flux in the quiet-Sun photosphere to be completely replaced (Schrijver et al. 1997; Hagenaar et al. 2003) .
Clearly, reconnection operates on a wide range of scales from kinetic to MHD. The micro-scale physics at the kinetic scales governs the portioning of the released energy into its various new forms and plays a role in determining the rate of reconnection. MHD (the macro-scale physics) determines where the reconnection takes place and, hence where the energy is deposited, and also effects the reconnection rate. In this paper, we focus on macro-scale effects, and investigate the behaviour of three-dimensional (3D) reconnection using MHD numerical experiments.
Two-dimensional (2D) reconnection has been studied in detail and is relatively well understood, especially in the solar and magnetospheric contexts. Over the past decade, our knowledge of 3D reconnection has significantly improved (Lau & Finn 1990; Priest & Démoulin 1995; Démoulin et al. 1996; Priest & Titov 1996; Birn et al. 1998; Longcope 2001; Hesse et al. 2001; Pritchett 2001; Priest et al. 2003; Linton & Priest 2003; Pontin & Craig 2006; De Moortel & Galsgaard 2006a,b; Pontin & Galsgaard 2007; Haynes et al. 2007; Parnell et al. 2008) . It is abundantly clear that the addition of the extra dimension leads to many differences between 2D and 3D reconnection. In Section 2, we first review the key characteristics of both 2D and 3D reconnection. Then, in Section 3, we consider a series of 3D MHD experiments in order to investigate where, how and at what rate reconnection takes place in 3D. The effects of varying resistivity and the resulting energetics of these experiments are discussed in Section 4. Finally, in Section 5, we draw our conclusions.
Characteristics of 2D and 3D reconnection
A comparison of the main properties of reconnection in 2D and 3D highlight the significant differences that arise due to the addition of the extra dimension (Table 1 ). In 2D, magnetic reconnection can only occur at X-type nulls. Here, pairs of field lines with different connectivities, say A → A and B → B are reconnected at a single point to form a new pair of field lines with connectivities A → B and B → A . Hence, flux is transferred from one pair of flux domains into a different pair of flux domains. The fieldline mapping from A → A onto A → B is discontinuous and jumps at the instant of reconnection itself. There is been a considerable body of work on 2D reconnection and a good review of this work can be found in Priest & Forbes (2000) . In 3D, magnetic reconnection can occur both at 3D nulls, but more commonly it will occur in a null-less region of magnetic field, for instance, in a hyperbolic flux tube (Galsgaard et al. 2003; Linton & Priest 2003; Pontin et al. 2005; Aulanier et al. 2006; De Moortel & Galsgaard 2006a,b; WilmotSmith & De Moortel 2007) , in an elliptic flux tube (Wilmot-Smith & Priest 2007) or near a separator (Longcope & Cowley 1996; Galsgaard & Nordlund 1997; Haynes et al. 2007; Parnell et al. 2008) . Here, the diffusion region where reconnection occurs is not a single point, but is a finite volume.
Many, but not all, of the above situations depend on the fact that field lines from flux domains with two different connectivities, say A → A and B → B , are reconnected to form field lines in two new flux domains with connectivities A → B and B → A , exactly as in the 2D case. In 3D, however, it is generally not possible to identify pairs of field lines (or even pairs of surfaces) that reconnect to form new pairs of field lines (or surfaces). Instead, reconnection will occur continually and continuously throughout the finite diffusion region converting flux from two domains into flux in two other domains. A consequence of having continual and continuous reconnection is that in 3D, the field line mapping can be continuous between pre-and post-reconnected field lines. The theory behind this behaviour is explained in and is illustrated very nicely using numerical experiments in Pontin et al. (2005) and Aulanier et al. (2006) .
Using theoretical arguments, 
3D magnetic interactions
In order, to determine how reconnection occurs in 3D, we investigated a simple interaction which may be considered as a basic building block of the Sun's complex coronal magnetic field. The interaction involves two opposite-polarity magnetic features which are driven past each other in an overlying field Parnell & Galsgaard 2004; Galsgaard & Parnell 2005; Haynes et al. 2007; Parnell et al. 2008; Haynes et al. 2009; Parnell et al. 2009 ). One would imagine that the resulting magnetic interaction is trivial, after all there are only four sources: P 1 & N 1 -the two opposite-polarity sources prescribed on the base, and P ∞ & N ∞ -the sources that produce the overlying magnetic field (Fig. 2a) . However, the interaction turns out to be much more complicated than one initially imagines.
Potential 3D interaction
For comparative purposes, we first discuss the details of the potential 3D interaction (Haynes et al. 2007 ). The topology of the initial magnetic field involves just three flux domains: one domain linking P 1 to N ∞, another linking P ∞ to N 1 and the overlying field which links P ∞ to N ∞, as seen in Fig. 2b . In each phase, throughout the evolution, there are two null points: one positive and the other negative. Both of these nulls are situated on the base. From each of these null points a separatrix-surface emanates. In Fig. 2b , which shows the topology of the initial phase, the separatrix surfaces are mapped out by the field lines lying in them. The blue(red) field lines show the separatrix surface originating from the positive(negative) null.
The two opposite-polarity magnetic sources P 1 and N 1 are driven in an anti-parallel manner (Fig. 2a) . In this subsection, we assume that they evolve through a series of equi-potential states. This means that the different flux domains interact (reconnect) the moment the separatrix surfaces come into contact. Hence, the first change to a new magnetic topology (new phase) starts as soon as the flux domains from P 1 and N 1 come into contact. When this happens a new flux domain and a separator (yellow curve) are created (Fig. 3a) . We call this phase the single-separator closing phase, because the reconnection at this separator transfers flux from the open P 1 − N ∞ and P ∞ − N 1 domains to the newly formed closed, P 1 − N 1, domain and the overlying, P ∞ − N ∞, domain.
When the sources P 1 and N 1 reach the point of closest approach all the flux from them has been completely closed and they are fully connected. This state was reached via a global separatrix bifurcation. As they start moving away from each other, the closed flux starts to re-open and a new phase is entered (Fig. 3b) . Again, there is still only one separator, but reconnection at this separator now re-opens the flux from the sources (i.e., flux is transferred from the closed, P 1 − N 1, and overlying, P ∞ − N ∞, domains to the two newly formed re-opened, P 1 − N ∞, and, P ∞ − N 1, domains). This is known as the single-separator re-opening phase.
Eventually, the two sources P 1 and N 1 become completed unconnected from each other, leaving them each just connected to a single source at infinity, and surrounded by overlying field (Fig. 3c) . In this phase, the final phase, there are no separators and there is no reconnection. The field is basically the same as that in the initial phase, but, the two sources (P 1 & N 1) and their associated separatrix surfaces and flux domains have swapped places.
In order, to visualise the above flux domains, and therefore the magnetic evolution more clearly, we plot 2D cuts taken in the y = 0.5 planes (Fig. 4) . In the three frames of this figure, there are no field lines lying in the plane. Instead, the thick and thin lines show the intersections of the positive and negative separatrix surfaces, respectively, with the y = 0.5 plane. Where these lines cross there will be a separator threading the plane, shown by a diamond. These frames clearly show the numbers of flux domains and separators during the evolution of the equi-potential field. They are useful as they enable us to easily determine the direction of reconnection at each separator by looking at which domains are growing or shrinking.
Here, the evolution involves 0 → 1 → 1 → 0 separators, during the four topological phases found. However, such an equi-potential evolution can only arise in a situation where there is perfect, instantaneous reconnection, i.e., in the limit that the magnetic resistivity, η, tends to ∞. This is not very realistic and so, in the subsection below, we consider what happens when we have a more realistic finite resistivity.
3D resistive MHD interaction
A series of experiments with different constant resistivity (constant-η) values was considered to see how the evolution of the magnetic topology of the above magnetic interaction varied with varying resistivity ). A 3D resistive MHD code was used to model these interactions. The initial magnetic setup was exactly that used in the potential case (Fig. 2b) and the sources were driven in the same manner (Fig. 2a) . Details of the code used and the setup can be found in Haynes et al. (2009) .
For each constant-η experiment, the evolution of the resulting magnetic topology was determined in the same way as above. The different phases found were numbered and described in terms of the numbers of flux domains and separators found, as well as the direction of reconnection at each separator. Table 2 details the topological evolution found in each constant-η experiment.
As described above, the equi-potential interaction simply evolves though four phases. From Table 2 , however it is clear, that in the case of finite resistivity, there are always more than four phases. Furthermore, it is also clear that as the resistivity decreases, the number of phases increases, as does the overall duration of the interaction. Below we describe the evolution of the η 0 /16 magnetic topology, since this experiment covers all the phases found.
The magnetic topology of the η 0 /16 experiment evolves through seven different topological phases. Figure 5 shows a frame from each of the first six Table 2 . The start times of each of the phases through which the magnetic topology of the various constant resistivity experiments evolve. Each phase is numbered, with the number of separators and numbers of flux domains given in brackets next to the phase number. S is the average maximum Lunquist number of each experiment. The average mean Lunquist number is a factor of 8 smaller than this value. RT is the number of times that the total flux in a single source reconnects. η0 = 5 × 10 −4 . phases. The seventh phase is the same as the final phase seen in the potential evolution and shown in Fig. 5c . For clarity, we also include cross-sections of the magnetic skeleton (y = 0.5 cuts) for each of these six frames in Fig. 6 . From these two figures, it is clear that the separatrix surfaces intersect each other multiple times giving rise to multiple separators. Also, the filled contours of current in these cross-sections clearly demonstrate that the current sheets in the system are all threaded by a separator. Hence, the number of reconnection sites is governed by the number of separators in the system. Figures 5a and 6a show the magnetic topology towards the end of the initial phase, when the sources P 1 and N 1 are still unconnected. To enter a new phase reconnection must occur, producing closed flux. Closed flux, connects P 1 to N 1 and so must be contained within the two separatrix surfaces, hence these separatrix surfaces must overlap. In the potential situation, the surfaces first overlapped in photosphere (at the base) and so a single intersection (separator) line between the surfaces was found. However, in general, when two surfaces intersect, they will cross in two locations, forming two separators. Figures 5a and 6a , show that the two surfaces come closest together above the photosphere (base) and so when they first intersect a new pair of separators (X 0 & X 1 ) is created (via a global double-separator bifurcation (GDSB)) along with two new flux domains: one containing closed flux; the other, trapped below this, containing overlying field (Figs. 5b and 6b ). This is known as the double-separator hybrid phase. It is called a hybrid phase, because flux is both closed and re-opened during this phase: the top separator, X 1 , closes the flux from the sources, whilst reconnection at the lower separator, X 0 , re-opens this closed flux again, with the reopened flux being transferred into the original open flux domains, P 1 − N ∞ and P ∞ − N 1. The reconnection at the lower separator is very weak and, since the flux in the trapped overlying field domain is small, it soon runs out of flux to reconnect and so disappears, leading to the start of another phase.
Res
Figures 5c and 6c show the magnetic topology in this phase, which involves four flux domains and a single separator, X 1 , at which flux is closed. This is equivalent to the single-separator closing phase that occurred during the potential evolution. During this phase the closed flux domain increases in size, whilst the two original open flux domains decrease in size. From Fig. 6c , it is clear that the growing closed flux domain pushes the left-hand side of the negative separatrix surface towards the left-hand side of the positive separatrix surface. Similarly, the right-hand side of the positive separatrix surface is pushed towards the right-hand side of the negative separatrix surface. When these surfaces touch a new phase begins.
The new phase starts when flux starts to be re-opened, and this occurs following the occurrence of another two GDSBs, creating four new separators (X 2 -X 5 ) and four new domains. The new separators and domains are created as the inner separatrix surface sides bulge out through the sides of the outer separatrix surfaces. These new separators and flux domains can be clearly seem in Figs. 5d and 6d . In total there are eight flux domains and five separators. This phase is called the quintuple-separator hybrid phase, since flux is both closing and re-opening during this phase. The central separator is separator X 1 and reconnection here is still closing flux. Reconnection at separators X 2 and X 3 (the two upper side separators) is re-opening flux and so filling the two new flux domains below these separators and the original open flux domains above them. At the two lower side separators, X 4 and X 5 , flux is being closed. Below these two separators are two new flux domains, which have been pinched off from the two original open flux domains. Above them are the new re-opened flux domains. It is the flux from these domains that is converted at X 4 and X 5 into closed flux and overlying flux. These lower side separators do not last long and disappear as soon as the flux in the domains beneath them is used up, which leads to the main reopening flux phase.
The next phase is called the triple-separator hybrid phase, and is a phase that occurs in all the constant-η experiments (Figs. 5e and 6e ). There is a total of six flux domains and three separators: the central separator (X 1 ) where flux is closed; the side separators (X 2 and X 3 ) where flux is re-opened.
The above phase ends, and a new phase starts, when the flux in one of the original open flux domains is used up. This leads to the destruction of separators X 1 and X 2 via a GDSB, leaving just separator X 3 , which continues to re-open the remain closed flux (Figs. 5f and 6f ). This phase is the same as the single-separator re-opening phase seem in the equi-potential evolution and it ends once all the closed flux has been reopened. The final phase, as has already been mentioned, is the same as that in Figs. 3c and 4c and involves no reconnection.
Recursive reconnection and reconnection rates
From Table 2 , it is clear that there are three main phases involving reconnection in each of the constant-η experiments: the single-separator closing phase (phase 3), the triple-separator hybrid phase (phase 5) and the singleseparator re-opening phase (phase 6). Figure 7a shows a sketch of the direction of reconnection at the separator (X 1 ) in phase 3. In this phase, the rate of reconnection across X 1 can be simply calculated from the rate of change of . Hence, the rate of reconnection at X 1 during this phase, α 1 , is given by Figure 7b illustrates the direction of reconnection at each of the three separators during phase 5. Here, once again the flux is being closed at the central separator (X 1 ) but at the two outer separators (X 2 and X 3 ) it is being re-opened. This overlapping of the two reconnection processes allows flux to both close and then re-open multiple times, i.e., to be recursively reconnected. There are some interesting consequences from this recursive reconnection, which are discussed below.
Here, the rate of reconnection at the separators X 2 and X 3 can be simply determined and is equal to
where φ 1 and φ 4 are the fluxes in the new re-opened negative and positive flux domains, respectively. The rate of reconnection at X 1 is slightly harder to determine since every flux domain surrounding this separator is losing, as well as gaining flux. The rate of reconnection, α 1 , during this phase equals Figure 7c illustrates the direction of reconnection at the separator X 3 during phase 6, the single separator re-opening phase. Here, the rate of reconnection, α 3 at separator X 3 is simply equal to
For each experiment, it is possible to calculate the global rate of reconnection in the experiment, α, Fig. 8 . Plots of the global reconnection rates against time for the equi-potential evolution, as well as each of the constant-η experiments. The black lines show the total reconnection rate, the red-lines show the discontinuous jumps that occur upon the destruction of pairs of separators, and the blue lines show the reconnection rates at individual separators.
where α i = 0 when the separator X i does not exist. Plots of the global reconnection rate, α, against time for each experiment are shown in Fig. 8 , with the start and end of each phase labelled. From these graphs, we note the following points: (i) as the value of η decreases, the instantaneous reconnection rate falls, with the peak rate in the η 0 experiment some 2.4 times greater than the peak rate in the η 0 /16 experiment, and (ii) as η decreases, the overall duration of the interaction increases.
By integrating under the black curves, we can calculate the total reconnection in each experiment,
These numbers are given in the right-hand column of Table 2 and it is clear that R T increases as η decreases (R T (η 0 /16)/R T (pot) = 1.97).
Where does this "extra flux" come from that is reconnected? In the potential case, there is no overlap between the closing and reopening phases and the total flux from one source is simply reconnected twice through the following evolution:
open → closed → reopened .
In the case of finite η, there is an overlap between the closing and re-opening reconnection processes, which permits recursive reconnection, hence the flux now evolves in the following manner:
Thus, there is no actual extra flux, instead re-opened flux is closed and reopened again multiple times during phase 5. From Fig. 8 we see that phase 3, which only closes the flux, lasts for about the same duration in each of the constant-η experiments, although the flux closed during this time decreases as η decreases. Phase 5, however, increases in length considerably as η decreases, permitting more and more recursive reconnection. In contrast, phase 6, the simple reopening phase, decreases in duration, such that in the η 0 /16 case it lasts less than half an Alfvén crossing time.
During phase 5, there is a rapid increase in the global reconnection rate (Fig. 8) . The rapidity of this increase decreases as η decreases. The upper blue line plotted during this phase shows the rate of reconnection at separator X 1 , whilst the lower blue line shows the rate of reconnection at both separators X 2 and X 3 . When these blue lines meet, all three separators are reconnecting at exactly the same rates. Since, the system is symmetric, the rates of reconnection at all three separators are always essentially the same at the end of phase 5, at which point two of the separators coincide and destroy each other. Hence, the discontinuous jump at the end phase 5 (red line) always involves the global rate of reconnection dropping by a factor of three. 
Energetics
We have seen that the instantaneous global rate of reconnection drops as η decreases, but the total flux reconnected increases. So what are the implications for the rate of heating and the total amount of free magnetic energy of the interaction?
As η decreases, the total amount of free magnetic energy in the system increases (Fig. 9a) . Although, not shown in this graph, we find that all experiments eventually relax down to the same magnetic energy. The extra energy in the small constant-η experiments is injected through the base as Poynting flux (Fig. 9b) . This is because, as η decreases, the onset of reconnection is delayed (Fig. 8) and so the magnetic field from the sources becomes more horizontal. Therefore, the normal component of the Poynting flux, (E x B y − E y B x )/µ, increases. Figure 9c , indicates that as η decreases, not only does the total energy released from the system increase, but the peak rate of joule dissipation also increases. This means that, although the instantaneous rate of reconnection in the system decreases, the rate of heating increases. This is because the heating from the reconnection (ohmic heating) is proportional ηj 2 . So the decrease in η is offset by a far greater increase in the current density. The currents are built up due to the delay in onset of reconnection caused by the small value of η.
Conclusions
Research over the last decade has revealed that the properties of 3D magnetic reconnection are quite different to those of 2D reconnection. In particular, 3D reconnection can occur in both null and non-null regions. Furthermore, it does not occur at a single point, but occurs continuously and continually throughout the diffusion volume.
Through the detailed analysis of a simple 3D magnetic interaction, forming a basic building block of the Sun's magnetic atmosphere, we have investigated some of the interesting consequences of 3D reconnection. In particular, we have demonstrated that the reconnection within a simple magnetic flux system is not trivial, but is instead highly complex. The key to revealing the details of the interaction was understanding the evolution of the magnetic topology. i.e., determining the evolution of the magnetic skeleton. This allowed us to determine: -the location of the reconnection/energy release sites, -the direction of the reconnection processes that occurred at these sites, -the rates of reconnection at these sites and also the global reconnection rate.
An unexpected discovery from the magnetic skeleton analysis was the process of recursive reconnection, where the same flux can be reconnected multiple times. It is interesting to consider what structures permit the recursive reconnection to take place. Recursive reconnection is possible because several separators link the same two null points: the nulls are said to be multiply connected (Parnell 2007) . Multiply-connected nulls go hand-in-hand with multiply-connected source pairs. They can occur in all types of magnetic fields: potential (Parnell 2007) , force-free, and non force-free, as seen here.
The process of recursive reconnection leads to the following important consequences: -Greater spread of energy: Recursive reconnection involves many separators at which reconnection is occurring, and hence many energy release sites. This leads to a better/wider distribution of energy which is important, for instance, for heating the corona. The more energy release sites there are the easier it is to maintain a background temperature of over a million degrees across almost the whole surface. -Repeated heating of the plasma: Since flux is repeatedly reconnected, it is possible for certain parts of the plasma to have injections of energy in rapid succession over a short period of time enabling it to potentially get significantly hotter than other regions of plasma around it. Furthermore, this repeated reconnection of certain parts of flux may explain why, in some circumstances, you can observe solar flare loops before they reconnect when you would normally expect them to be cool and so invisible in X-rays. -Longer period of heating: Since flux is repeatedly closed and re-opened many times, the entire heating process lasts longer than if it simply closed and re-opened just once. This again is useful for coronal heating and also solar flares.
Finally, it is interesting to observe that the rate of reconnection is not proportional to the rate of ohmic heating. In fact, here, as η decreases, so does the rate of reconnection, but the rate and peak value of ohmic heating increases. Further work needs to be undertaken to see how these two rates are related in general.
